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Abstract 
Zn1-xMnxO is one of the prominent materials that have attractive fundamental properties suitable for 
device applications that include spintronics. In the present study, aluminium co-doped Zn1-xMnxO films 
have been synthesized by chemical spray pyrolysis on Corning 7059 glass substrates at a constant 
temperature of 400 oC. The ‘Al’ composition in the layers was varied in the range, 0.0-0.07 and ‘Mn’ 
composition in the layers was fixed at x = 0.15. The compositional analysis shows the presence of zinc, 
manganese, oxygen and aluminium without any other impurities. All the films were polycrystalline and 
showed the hexagonal wurtzite structure of ZnO with (002) crystal plane as the preferred orientation. The 
film exhibited a maximum optical transmittance of > 60% and the evaluated band gap was 3.22 eV at an 
Al-doping level of 0.07.  The highest remnant magnetization of 3.14x10-4 emu and coercive field of 464.8 
Oe was observed in this study for an Al-doping of 0.07. The crystallite size, morphology, optical band 
gap and electrical resistivity were found to be significantly affected by changing the ‘Al’ concentration. 
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1. Introduction 
The development of dilute magnetic semiconductor (DMS) have been intensively studied for many 
investigations across the world, due to the application in spintronics, which offers big opportunities for 
the next generation of micro electronic and nanoelectronic devices due to the spin dependent effect [1, 2]. 
Most of the DMSs studied so far, have been focused on the AII1-xTMxBVI alloys (where the transition 
metal, TM=Se2+, Ti2+, V2+, Cr2+, Fe2+, Co2+, Ni2+, Mn2+ and Cu2+ or rare earth atoms such as Eu, Gd, Er). 
Among them, Zn1-xMnxO has attracted special attention because Mn has the highest possible magnetic 
moment [3] and also the first half of the d-band is full, creating a stable fully polarized state. The 
theoretical studies on Mn-doped ZnO also proved its novelties in the fabrication of room temperature 
spintronic devices. In our earlier investigations the structural, morphological, optical, photoluminescence, 
magnetic and electrical properties of Zn1-xMnxO films were prepared by spray pyrolysis technique at 
different substrate temperatures, Ts and different Mn-compositions, x have been studied [4, 5]. From 
these studies, we have observed that the presence of Mn2+ in substitution for Zn2+ is simply not sufficient 
for observation of good ferromagnetic behaviour at room temperature and creation of more free carriers is 
necessary for the improvement of the ferromagnetic property in this material. In view of the potentiality 
and versatile applications of Zn1-xMnxO, we have undertaken investigations on the co-doping of ‘Al’ in 
Zn1-xMnxO films. ‘Al’ is a good dopant as it has adequate electron to donate and has no d electrons to 
interface with magnetic ordering. Thin films of Al co-doped Zn1-xMnxO have been prepared by chemical 
spray pyrolysis and followed by the characterization of the films using different techniques. The results 
obtained in the evaluation of the physical behaviour of the films are reported and discussed. 
2. Experimental details 
Thin films of Al co-doped Zn1-xMnxO were prepared using chemical spray pyrolysis on corning 7059 
glass substrates.  The films were deposited at a constant substrate temperature of 400 oC. 4N pure 
Zn(CH3COO)2,  Mn(CH3COO)2  and AlSO4 precursors were dissolved in ethanol in order to prepare the 
starting solution with a concentration of 0.1 M. The ‘Al’ composition in the layers was varied in the range, 
0.0 - 0.07 and ‘Mn’ composition in the layers was fixed at a pre-determined value, x=0.15. The detailed 
description of experimental procedure has been given elsewhere [5]. The as-grown layers were 
characterized using appropriate to evaluate the chemical and physical properties. The elemental 
composition of the layers was measured using OXFORD Inca Penta FETx3 energy dispersive X-ray 
analysis (EDAX). The structural properties of as-grown layers were determined using Siefert X-ray 
diffractometer in the 2ș range, 30q - 70q using Cu kD radiation and the surface morphological studies 
using Carl Zeiss EVO MA 15 scanning electron microscope (SEM). The optical properties of the layers 
were evaluated using Hitachi U:3400 UV–Vis–NIR double beam spectrophotometer. SQUID 
magnetometer was used to study ferromagnetic behaviour of the grown films. The electrical parameters of 
the films were determined by four probe method using silver contacts. 
3. Results and discussion 
All the deposited films were pinhole free and uniform. Figure 1 shows the EDAX spectra of  Al co-
doped Zn1-xMnxO films for x =0.15 and y= 0.07. The films showed the presence of peaks that correspond 
to zinc, manganese, oxygen and aluminium. No other impurity was found with in the EDAX detection 
limit. From EDAX data it is found that the oxygen content decreased with increase of Al in the layers. 
The table in the inset of the spectra shows the elemental composition of the respective layers. Figure 2 
shows the X-ray diffraction profiles of Zn1-xMnxO films cod-doped with Al and deposited at a 
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temperature of 400 oC for different aluminium compositions in the range, 0.0 - 0.07. All the films were 
polycrystalline and showed the hexagonal wurtzite structure of ZnO. The layers exhibited the (002) 
crystal plane as the predominant orientation. However, the intensity of this reflection decreases with the 
increase of ‘Al’ concentration in the layers. The other low intensity (100) and (101) peaks were also 
observed along with the (002) plane in all the grown samples. The lattice parameters a and c decreased 
with the Al-content, however, the observed variation in a is marginal compared to that of c.  It is found 
that the lattice constant c of the as-grown films decreased with the increase of Al-content, indicating the 
incorporation of Al atom in the film. It was also observed that the position of (002) peak shifted towards 
higher diffraction angles with the increase of Al-content in the layers. This is probably due to the fact that 
the ionic radius of Al3+ (0.59 Å) ion is much smaller than that of Mn2+ (0.80 Å) and Zn2+ (0.74 Å) ions. 
The evaluated lattice constants are in close agreement with the reported data for Al co-doped 
Zn0.97Mn0.03O diluted magnetic semiconductors synthesized by co-precipitation technique [6]. The 
crystallite size decreased with the increase in Al-content in the layers. This is due to the decreasing of 
oxygen content with increasing of Al-content in the grown films as was observed in EDAX data. 
 
 
Figure 1. EDAX spectra of sprayed Zn1-xMnxO films co-doped with Al=0.07. 
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Figure 2. XRD profiles of sprayed Al co-doped Zn1-xMnxO films deposited at Ts = 400 oC.
The surface morphology of the experimental films has been examined by scanning electron 
microscopy. Figure 3 shows the typical SEM images of Al co-doped Zn1-xMnxO film deposited at 400 oC. 
The surface of the doped ZnO is very smooth and the grains are very fine. It can be seen from the SEM 
photographs that the grain size decreased with the increase of Al-doping concentration in the films as was 
observed from the X-ray diffraction measurements. The grain size varied in the range, 25 - 37 nm in the 
investigated Al-doping content range, 0.03-0.07. 
         
Figure 3. SEM images of Al co-doped Zn1-xMnxO films deposited at Ts = 400 oC by spray pyrolysis. 
Figure 4 shows the optical transmittance spectra of Zn1-xMnxO films co-doped with three different Al 
concentrations and recorded in the wavelength range, 300 - 2000 nm. It can be observed that the optical 
transmittance of the films was highly influenced by the Al-content in the films. The optical transmittance 
of the films is found to decrease with the increase of Al-concentration. The decrease in optical 
transmission is associated with the loss of light due to oxygen vacancies and scattering at grain 
boundaries. The increase in scattering centers due to increased number of grain boundaries with an 
increase in Al-dopant content may be responsible for the loss of transmittance. A decrease in grain size, 
which increases the number of grain boundaries in the film upon increasing Al-content has been observed 
from the X-ray diffraction as well as SEM analysis. The undoped ZnO semiconductor shows a sharp 
absorption edge at around 370 nm at room temperature. The absorption edge shows a change with the Al-
doping. This confirms that Al3+ ion effectively substituted Zn2+ ion apart from Mn2+ in the ZnO lattice.  
 
Y=0.03 Y=0.05 Y=0.07
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Figure 4. Transmittance vs. wavelength spectra of sprayed Zn1-xMnxO films co-doped with Al. 
The optical energy band gap of the films was calculated using the following relation that is generally 
used for materials that involve direct optical transition [7], 
(ĮhȞ) = A (hȞ - Eg)1/2                                                                                                                          (1) 
where A is a constant, hȞ is the photon energy and Eg is the energy band gap of the material. Figure 5 
shows the change of (ĮhQ) 2 with the photon energy, hQ, which indicated a direct electronic transition 
across the band gap of the films. The extrapolation of the linear part of the curves on to the energy axis 
gave the optical energy band gap of the layers. The optical band gap of the films varied in the range, 3.34 
- 3.22 eV when the composition of ‘Al’ varied from 0.03 to 0.07. The increase of Al-content in the layers 
found to decrease the energy band gap. This could be due to the defects caused by the incorporation of Al 
atoms in the ZnMnO matrix. These defects generate localized states in the band gap and hence the 
lowering of band gap with Al-doping of ZnMnO films. The band gap shrinkage is due to electron-
electron interaction and high carrier concentration [8]. 
Figure 5. (DhX)2 vs hX plots of Al co-doped Zn1-xMnxO films. 
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The magnetic properties were measured with a SQUID magnetometer at low temperature 10 K for Zn1-
xMnxO layers with different Al co-doping concentrations with a fixed value of x(=0.15). The magnetic 
field applied parallel to the plane of the films. As shown in Fig. 6, the M-H curves of the Al co-doped 
samples showed the presence of hysteresis loops.  It has  been observed  that  both  Ms  and Hc  
 
 
Figure 6. M-H curve of Zn0.78Mn0.15Al0.07O film recorded at 10 K. 
increase with increase in the Al-doping percentage. The increase of Hc with the decrease in crystallite 
size can be explained by the increase in domain wall pinning due to the greater number of lattice defects 
in samples of small grain size [9]. Thus we found that ferromagnetism increases with increase in Al-
doping percentage. Similar observations were reported by Xu et al. for pulsed laser deposited ZnMnAlO 
films [10] in which they observed that the dramatic increase in the magnetization for 1% doping of Al. 
However, Brihi et al. [6] expected ferromagnetic behavior in Al-doped ZnMnO samples. But according to 
the SQUID measurement performed at 5 K, they reported that the magnetization curves showed neither 
hysteresis nor remanence, which indicates the absence of ferromagnetism in all samples. The highest 
remanent magnetization and coercive field observed in this study was for a Al-doping of 0.07 and the 
values are 3.14x10-4 emu and 464.8 Oe. 
The electrical properties of a semiconductor can be highly affected by doping. All the as-grown layers 
exhibited n-type electrical conductivity. The resistivity decreased with the increase of Al-doping 
concentration as shown in Fig. 8. A characteristic feature of DMS is that an increased carrier density 
enhances both the magnetization and the Curie temperature. Free electrons can be introduced into 
transition metal doped ZnO in two ways. The samples can be grown under an oxygen deficiency to 
produce shallow donor states, usually through Zn interstitials. Alternately, donors can be deliberately 
introduced via co-doping with a group-III element. In this work, the carrier concentration is increased 
with Al-doping from 6x1020 cm-3 to 5x1021 cm-3. This increase in carrier density is attributed to the 
substitution of Zn2+ sites by Al3+ ions creating an extra free electron for every Al-atom in the conduction 
band. Hence the resistivity is found to decrease with increasing Al-content. 
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Figure 8. Variation of electrical resistivity with Al-doping concentration in Zn1-xMnxO films. 
4. Conclusions 
Al-doped ZnMnO thin films were successfully grown by chemical spray pyrolysis on Corning 7059 
glass substrates at a constant temperature of 400 qC with different ‘Al’ composition and ‘Mn’ 
composition in the layers was fixed at x = 0.15. The compositional analysis shows the presence of zinc, 
manganese, oxygen and aluminum without any other impurities. The layers showed predominantly (002) 
orientation corresponding to the hexagonal wurtzite structure of ZnO. The film exhibited a maximum 
optical transmittance of > 60% and the evaluated band gap was 3.22 eV at an Al-doping level of 0.07. 
The films prepared at an Al-doping of 0.07 showed the remnant magnetization of 3.14x10-4 emu and 
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